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bstract
In this study, hexa-histidine tagged VP3 protein of infectious bursal disease virus (IBDV) was purified using immobilized metal ion affinity
echnique from the fermentation of Escherichia coli BL21 (DE3) containing a recombinant plasmid with a VP3 gene. The purification efficiencies
f VP3 protein (TVP3 and TVP3) using Ni2+-NTA commercial agarose gels and Ni2+-IDA regenerated cellulose-based membranes at 4 ◦C were
ompared. A good washing condition for removing most impurity proteins was found as 20 mM NaH2PO4, 500 mM NaCl, 40 mM imidazole, pH
.8, whereas an efficient elution condition was 20 mM NaH2PO4, 500 mM NaCl, 500 or 750 mM imidazole, pH 7.8. By applying these conditions
o the flow experiments, similar recovery (86–88%) and purity (98–99%) for VP3 were obtained in both gel column (1 ml gel) and membrane
artridge (four membrane disks) under the flow rate of 1.7 ml/min for protein loading and 2.7 ml/min for protein elution. Regarding that the
embrane process exhibited some advantages such as shorter residence time and lower cost, a better process efficiency in a large-scale system
ould be expected for the Ni2+-IDA membranes.
2006 Elsevier B.V. All rights reserved.
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. Introduction
Infectious bursal disease virus (IBDV) is the causative agent
f a highly contagious immuno-suppressive disease in young
hickens (between 3 and 6 weeks of age). The immunosup-
ression results from a depletion of B lymphocytes [1]. The
BDV genome consists of two segments of double-stranded
NA, designated as A and B of size 3.0 and 3.4 kb, respec-
ively [2]. Segment A encodes a 108 kDa polyprotein that is
elf-cleaved to produce VPX (48 kDa), VP3 (32 kDa), and VP4
28 kDa). In the mature virions, VPX is processed into VP2
41 kDa).
VP3 is a structural group-specific protein of IBDV [3] and
as been suggested to be the major immunogenic protein of
BDV because the earliest antibodies that appear after infection
ith live or inactivated viruses are directed to it [4]. Conse-
uently, recombinant VP3 becomes an important protein which
∗ Corresponding author. Tel.: +886 4 2285 2590; fax: +886 4 2285 4734.
E-mail address: sysuen@nchu.edu.tw (S.-Y. Suen).
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ould be applied to detect the antibodies induced by IBDV. To
valuate the feasibility of development of VP3-based enzyme-
inked immunosorbent assay (ELISA), methods for economi-
ally purifying large quantities of VP3 are explored in the present
tudy.
Among the recently developed purification techniques,
mmobilized metal affinity chromatography (IMAC) is a promis-
ng technique for the purification of recombinant proteins due
o its advantages of high recovery, high capacity, and complete
egeneration [5–7]. Immobilized metal ion affinity method is
ased on the affinities between certain metal-binding amino
cids in the side chains of proteins (e.g. histidine, cysteine, tyro-
ine, etc.) [8–10] and the metal ions (e.g. Cu2+, Ni2+, Zn2+,
tc.) chelated by the chelating agents (e.g. iminodiacetic acid
IDA), nitrilotriacetic acid (NTA), etc.) [11] immobilized on the
olid supports. One topic in recent developments is to adopt
he immobilized metal affinity membrane (IMAM) process,
nstead of using the conventional packed-column chromato-
raphic process, for achieving better mass-transfer performance.
he membrane system has the advantages such as negligible
iffusion limitation, lower pressure drop, higher accessible flow
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ate, simpler design, and easier scale up [12–16]. Up to now, the
MAMs have been successfully applied in isolating or purifying
nzymes, albumins, immunoglobulins, hemoglobins, ribonucle-
ses, growth factors, histidine-tagged viruses, etc. [17–19].
In this study, we compared the purification performance
f VP3 (named as TVP3 here) and its C-terminally truncated
utant (TVP3) using Ni2+-NTA commercial agarose gels
nd Ni2+-IDA regenerated cellulose-based membranes. The two
ecombinant proteins were highly expressed using the pET28
ector system in Escherichia coli following the method in Dr.
.-Y. Wang’s Lab [20]. Both of them could be purified by the
mmobilized metal ion affinity method because a hexa-histidine
ag was fused at their N-terminal. The optimal operation con-
itions for both immobilized metal ion affinity matrices (gels
nd membranes) and the characterization of the purified VP3
roteins were investigated.
. Experimental
.1. Materials
Commercial Ni2+-NTA agarose (6% cross-linking) gels were
rom QIAGEN (Valencia, CA, USA), with the bead size of
0–160m. The regenerated cellulose (RC) membranes from
artorius (Gottingen, Germany), with a diameter of 47 mm,
n average pore size of 0.45m, and a thickness of 160m,
ere adopted as the solid supports of IMAM. Iminodiacetic
cid (IDA), imidazole, and nickel sulfate were obtained from
cros Organics (Geel, Belgium). Kanamycin was from Sigma
St. Louis, MO, USA). Isopropyl--d-thiogalactopyranoside
IPTG) was from GERBU (Gaiberg, Germany). Ethylenedi-
minetetraacetic acid disodium salt dihydrate (EDTA) and
pichlorohydrin were purchased from Tedia (Fairfield, OH,
SA). Other chemicals were of analytical grade. The recom-
inant plasmid vector (pET28a), clone of VP3 and anti-VP3
ntibodies were provided from Dr. M.-Y. Wang’s lab [20].
.2. Preparation of regenerated cellulose-based IMAM
All the reactions were carried out in a 120 ml glass bottle.
piece of RC membrane disk was incubated in a solution of
ml epichlorohydrin at aqueous phase (20 ml of 1 M NaOH)
r at alcohol phase (5 ml of 1 M NaOH mixed with 15 ml
f 98% ethanol) and shaken under a constant shaking rate at
0 ◦C for 2 h. After incubation, the membrane was rinsed with
eionized (DI) water. Reaction conditions such as shaking rate
nd epichlorohydrin phase were varied to study their effects
n the coupled epichlorohydrin density. For coupling IDA, the
pichlorohydrin-conjugated membrane was reacted with 25 ml
f 0.2 M IDA and 1 M Na2CO3, pH 11, at 80 ◦C for 12 h. After
eaction, the membrane was washed with 5% acetic acid and
I water. Each modified membrane was immersed in 10 ml of
.05 M NiSO4 solution for 1 h and then rinsed with DI water
n order to remove the unbound or weakly bound nickel ions.
he reaction scheme has been presented in our previous study
15].
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.3. Expression and preparation of crude TVP3 and
TVP3 extract
The cells of E. coli BL21 (DE3) plysS which contained a
ecombinant pET28a plasmid carrying TVP3 or TVP3 gene
ere grown at 37 ◦C overnight. One milliliter of the overnight
ulture was inoculated to 10 ml of fresh Luria-Bertani medium
n the presence of 50g/ml Kanamycin and grown to OD600
f 0.5–0.6 at 37 ◦C. Protein expression was induced by adding
PTG to a final concentration of 1 mM. After 3 h, the cells were
elleted at 9838 × g (Kubota Ra 200-J rotor, Tokyo, Japan) and
◦C for 20 min and then lysed on ice by an ultrasound in a
ysis buffer (20 mM NaH2PO4, 500 mM NaCl, 10 mM imida-
ole, pH 6.6). Cell lysates were centrifuged at 9838 × g and
◦C for 20 min, and the supernatant was collected and stored at
20 ◦C for further purification.
.4. Batch puriﬁcation experiments
For batch experiments, 1 ml of Ni2+-NTA commercial
garose gel (10.21 ± 0.38mol Ni2+/ml) or four pieces of Ni2+-
DA RC-based membrane (10.48 ± 0.67mol Ni2+/4 disks)
ere put into a glass bottle and 10 ml of crude protein extract
n the lysis buffer was loaded. The incubation was conducted
t 4 ◦C for 1 h. After binding, the glass bottle was washed by
0 ml of loading buffer (lysis buffer) and 10 ml of washing buffer
20 mM NaH2PO4, 500 mM NaCl, 40 mM imidazole, pH 7.8).
hen, the VP3 proteins were eluted using 2 ml of elution buffer
20 mM NaH2PO4, 500 mM NaCl, 500 mM or 750 mM imida-
ole, pH 7.8). Different imidazole concentrations in the elution
uffer were tested in this work.
.5. Flow puriﬁcation experiments
For flow experiments at 4 ◦C, 1 ml of Ni2+-NTA commercial
garose gel or four pieces of Ni2+-IDA RC-based membrane
under the optimal preparation conditions) were employed. The
els were packed as slurry into an acrylic column (1.0 cm diam-
ter) to give a 1.9 cm bed, and the membrane chromatographic
ystem comprised an acrylic 47 mm-membrane cartridge (lab
ade). Ten milliliters of crude VP3 extract was loaded at a con-
tant flow rate using a peristaltic pump (MP-3N, Eyela, Tokyo,
apan) to the column or cartridge already equilibrated with the
ysis buffer. Unbound proteins were then washed out with 10 ml
f washing buffer at 2.7 ml/min. Finally, bound proteins were
luted with 2 ml of elution buffer at a constant flow rate. Frac-
ions of the eluate were collected and analyzed by SDS-PAGE
nd Western blotting.
.6. Analysis methods
.6.1. Determination of hydroxyl group content on RC
embrane
A piece of RC membrane was dissolved in 10 ml of 2 M HCl
t 100 rpm and 90 ◦C for 4 h. The solution was centrifuged at
.83 × g for 10 min and the supernatant was taken out. 0.5 ml of
upernatant was added to 1.5 ml of 1 M NaOH, and the mixture
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as diluted using 4 ml DI water. One milliliter of DNS reagent
10 g/l dinitrosalicylic acid, 2 ml/l phenol, 0.5 g/l Na2SO3, 10 g/l
aOH) was added to 1 ml of the diluted sample and the reaction
as conducted at 96 ◦C. After 10 min reaction, the absorbance
f the solution at 540 nm was measured using the UV–vis spec-
rophotometer (Hitachi U-2001, Tokyo, Japan). The hydroxyl
roup concentration in the solution was evaluated from the cal-
bration curve obtained by using glucose as standard.
.6.2. Determination of epichlorohydrin and IDA densities
n RC membrane
The epichlorohydrin and IDA densities were determined by
easuring the differences in oxygen and nitrogen contents,
espectively, between the original RC membrane and the mem-
rane from the intermediate reaction step using elemental ana-
yzer (EA) (Heraeus F002, Hanau, Germany).
.6.3. Determination of nickel ion capacity
To determine the immobilized nickel ion capacity, 1 ml of
el or four pieces of IMAM were washed with 10 ml of 50 mM
DTA solution for 15 min to release the bound nickel ions. The
ickel ion concentration in EDTA solution was determined using
V–vis at 400 nm [18].
The measurement of leached nickel ion amount during
he elution stage was by atomic absorption spectrophotometry
AAS, Analyst 100, Perkin-Elmer, Norwalk, CT, USA).
.6.4. Determination of total protein and recombinant VP3
rotein amounts
Total protein amount in each sample was measured with the
io-Rad protein assay using bovine serum albumin (BSA) as the
tandard [16,18]. As to the VP3 protein amount, its band inten-
ity in the stained membrane after Western blotting was quan-
ified using 1D image analysis software (version 3.6, Kodak,
ochester, NY, USA). The VP3 protein purified as described in
previous study [20] was loaded as the standard for calibration.
.6.5. SDS-PAGE and Western blotting analysis
Protein analysis was done using 12.5% SDS-PAGE gel,
ccording to the method of Laemmli [21]. The samples were
esolved on SDS-PAGE and stained with Coomassie blue. For
estern blotting analysis, another 12.5% SDS-PAGE gel, with-
ut staining, was electrophoretically transferred onto a PVDF
embrane at 100 V for 90 min. The nonspecific sites of the
VDF membrane were blocked with non-fat milk and washed
horoughly with phosphate-buffered saline containing Tween
0 (PBST). After blocking, the PVDF membrane was incu-
ated with VP3 polyclonal antibodies. Alkaline phosphatase-
onjugated affinipure goat anti-rabbit IgG was used as the second
ntibody. After washing, the color development method reported
y Cheng et al. [22] was adopted..6.6. Gel ﬁltration
The sizes of native TVP3 and TVP3 were determined by
sing a Sephacryl S-200 HR column connected to the Grad-
Frac system (Pharmacia Biotech, Uppsala, Sweden). All runs
e
a
t
ar. B 840 (2006) 76–84
ere performed at 4 ◦C, with a flow rate of 0.5 ml/min. The col-
mn was equilibrated with the elution buffer used in purification
xperiments and calibrated with chymotrypsinogen A (25 kDa),
SA (66 kDa), aldolase (158 kDa), catalase (232 kDa), and blue
extran 2000 (2000 kDa). One milliliter of TVP3 or TVP3 pro-
ein (1 mg/ml) was loaded and the mobile phase was the elution
uffer. Fractions of 2 ml eluate were collected, and the VP3-
ontaining fractions were detected using ELISA.
.6.7. ELISA
Polyvinyl chloride 96-well plates (EIA/RIA strip plate,
ostar, Cambridge, MA, USA) were coated with the frac-
ions collected from gel filtration measurement in a carbonate-
icarbonate buffer (pH 9.6) overnight at room temperature. After
bsorption, the plates were washed three times with PBST, and
hen 200l blocking reagent (5% skim milk in PBS) was added
o each well. After overnight incubation at 4 ◦C, the plates were
ashed with PBST three times. The plates were treated with
orseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
iluted to 1:5000 in PBST buffer for 2 h at 4 ◦C. Following
ash, 100l o-phenylenediamine dihydrochloride (OPD) sub-
trate solution (Sigma) was added to each well, and the plates
ere incubated for 7 min for color development. After adding
0l of 3 M HCl to stop reaction, the absorbance values were
easured at 490 nm with an ELISA reader (Dynex Technolo-
ies, Chantilly, VA, USA).
. Results and discussion
.1. Regenerated cellulose-based IMAM
Because of their high-degree hydrophilicity, low nonspecific
rotein adsorption, chemical and mechanical resistances, as well
s enough reactive functional groups for ligand immobilization,
C membranes are a good choice as the base materials for the
reparation of IMAMs. In the previous studies [15,16,19], the
asic adsorption properties for the RC-based IMAMs have been
xtensively investigated and the possible binding mechanisms
iscussed. Moreover, practical applications for these RC-based
MAMs have also been explored by evaluating their efficiencies
n penicillin G acylase (PGA) purification process [16,19] and
P2 purification process [18].
As reported by Wu et al. [15] for the RC-based IMAMs,
he highest copper ion capacity and protein adsorption capacity
ere achieved when IDA was adopted as the chelator. More-
ver, a suitable NTA reagent is not easy to get from commercial
ources. Hence, IDA was selected in this study. Based on the
iterature about immobilized metal affinity methods [16,23,24],
he coupled IDA density could be greatly influenced by vari-
us reaction conditions such as pH, temperature, concentration,
oupling time, shaking rate, etc. Among these factors, shaking
ate was almost never mentioned or considered as an important
ffect dominating the immobilization performance. However, in
previous study [16] shaking rate was found to greatly influence
he immobilized metal ion capacity when epichlorohydrin was
dopted to react with both the hydroxyl groups of RC membrane
H.-L. Hu et al. / J. Chromatog
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nd the IDA reagent. The main reason is that epichlorohydrin
s water-insoluble and it would distribute in the aqueous solu-
ion as oil drops. Without any external force, epichlorohydrin
rops hardly touched the membrane surface since they were
urrounded by water. When shaking rate was raised, epichloro-
ydrin drops would get more chances to contact the membrane
urface and hence be able to react with the hydroxyl groups
n the RC membrane. That is, the use of higher shaking rate
ould mainly improve the mass transfer rate of epichlorohydrin
rops from the aqueous solution to the membrane surface. High
haking rate effect on the improvement for the diffusion of IDA
olecules or metal ions, as mentioned in the previous study [16],
eems not the dominant mechanism.
To verify whether the above postulation is correct, the
pichlorohydrin reagent was dissolved in 98% ethanol and the
hole metal ion immobilization procedures were repeated in
his study. The resulted capacities after each reaction procedure
re presented in Table 1. Even using lower shaking rate (50 rpm),
pichlorohydrin could be totally dissolved in the alcohol phase
nd its mass transfer to the membrane surface was no longer
estricted by the water phase. Hence, the coupled epichlorohy-
rin and IDA capacities were greatly increased, when comparing
o the results using the aqueous phase for reaction under the
ame shaking rate. The final nickel ion capacity in this case was
8% more than that for aqueous phase. When the shaking rate
as raised to 100 rpm, the mass transfer rate of epichlorohydrin
rops from the aqueous solution to the membrane surface was
ccelerated so that the drops could get sufficient opportunity to
ouch and react with the residual hydroxyl groups on the mem-
rane. Accordingly, closer values were obtained for the coupled
pichlorohydrin, IDA, and nickel ion capacities in both cases
nder high shaking rate.
In the case using aqueous phase for epichlorohydrin coupling,
he coupled epichlorohydrin capacity for shaking rate of 100 rpm
as 57% higher than that for 50 rpm, while the final nickel ion
apacity was 23% more. When using alcohol phase, the coupled
pichlorohydrin capacity and immobilized nickel ion capacity
or 100 rpm were 28 and 5%, respectively, more than those for
0 rpm. These results indicate that shaking rate effect was less
ignificant for the employment of alcohol phase.
It should be noted that an optimal shaking rate was reported
s 150 rpm in the previous study [16] for the copper ion-
mmobilized membranes. In this study, when the shaking rate
as further raised to 150 rpm, the resulting nickel ion capac-
ty on the membrane was almost identical to that for 100 rpm.
herefore, 100 rpm was adopted to prepare the IMAMs for the
ubsequent experiments. Moreover, with regard to reducing the
rganic solvent consumption, the aqueous-phase reaction was
mployed under this shaking rate.
It is also worth noting that the utilization percentage for
ach reaction step (capacity obtained for the current reaction
tep/capacity for the earlier one step) was low (as shown in
able 1), which may cause unnecessary nonspecific binding
nd reduce the applicability of IMAMs. In order to resolve this
roblem, suitable methods for blocking the unreacted residual
roups, i.e. hydroxyl group, epoxide group, and carboxyl group,
re necessary. For example, the epoxy groups could be blocked
80 H.-L. Hu et al. / J. Chromatogr. B 840 (2006) 76–84
Table 2
VP3 purification performance in the batch process
Stage TVP3 TVP3
Volume
(ml)
Total protein
(mg)
TVP3
(mg)
TVP3
recovery (%)
Purification
fold
Volume
(ml)
Total protein
(mg)
TVP3
(mg)
TVP3
recovery (%)
Purification
fold
Ni2+-NTA gels
Crude lysate 10 19.13 1.51 – – 10 17.41 1.46 – –
Residue 10 16.43 0.02 0.99 0.01 10 13.90 0.02 1.44 0.02
Wash (10 mM
imidazole; pH 6.5)
10 1.18 0.01 0.53 0.06 10 1.98 0.01 0.83 0.08
Wash (40 mM
imidazole; pH 7.8)
10 0.03 0.02 0.19 3.62 10 0.12 0.03 2.34 3.36
Elution (500 mM
imidazole; pH 7.8)
10 1.50 1.47 97.29 12.42 10 1.41 1.39 95.40 11.78
Elution (750 mM
imidazole; pH 7.8)
10 0.00 0.00 0.20 12.66 10 0.00 0.00 0.14 11.94
Ni2+-IDA membranes
Crude lysate 10 18.64 1.53 – – 10 17.89 1.47 – –
Residue 10 15.94 0.01 0.33 0.01 10 14.41 0.01 0.68 0.01
Wash (10 mM
imidazole; pH 6.5)
10 1.15 0.00 0.08 0.01 10 1.99 0.01 0.54 0.05
Wash (40 mM
imidazole; pH 7.8)
10 0.01 0.00 0.20 0.04 10 0.04 0.00 0.28 1.28
Elution (500 mM
imidazole; pH 7.8)
10 1.00 0.99 64.86 12.07 10 1.03 0.98 66.78 11.61
12.18
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imidazole; pH 7.8)
10 0.54 0.54 35.14
ll experiments were repeated twice.
ith mercaptoethanol in refs. [25,26]. However, it is difficult
o find a simple blocking agent to block all these three different
roups simultaneously. Alternatively, a simple washing step was
dopted in this work to remove the impurity proteins adsorbed
y nonspecific binding (as described in Section 3.2). In addi-
ion, the nickel ion capacity obtained in this study may not be
he optimal value because the immobilization step only under-
ent for 1 h. Longer time duration for coupling nickel ion may
urther raise the nickel ion capacity.
.2. Puriﬁcation performance in the batch process
Both the Ni2+-NTA commercial agarose gels and Ni2+-IDA
C-based membranes were used for the batch purification of
P3 and some operation conditions were selected to achieve
igher purification efficiency. One milliliter of Ni2+-NTA com-
ercial agarose gel and four pieces of Ni2+-IDA RC-based
embrane were employed because their Ni2+ capacities were
ery close.
.2.1. Selection of buffers
The results from batch experiments are listed in Table 2. After
oading the crude protein lysate onto the affinity column or mem-
rane holder, a few proteins other than VP3 were also bound to
he column or membranes specific or nonspecific. In order to
educe the binding of these impurity proteins, the lysis buffer
ith 10 mM imidazole and pH 6.5 was adopted directly as the
oading buffer and most of VP3 proteins were adsorbed (more
han 98%). When applying this lysis buffer for washing, only
ew VP3 but some impurity proteins were washed out. When
a
t
e
V10 0.48 0.47 32.07 12.08
urther applying the buffer with 40 mM imidazole and pH 7.8
or the second washing, a small amount of impurity proteins was
emoved.
The VP3 could be entirely eluted out with the use of 500 mM
midazole, pH 7.8 for the commercial gels, but the assistance of
igher-concentration (750 mM) imidazole buffer was necessary
or a clear VP3 elution from the IMAMs. This phenomenon
ould be explained as a result of the stronger binding between
he tridentate IDA-chelated Ni2+ and the VP3 proteins in the
embrane system, compared to that between the tetradentate
TA-chelated Ni2+ and the proteins in the gels. About 11–12-
old purification and 95–98% VP3 recovery were achieved by
sing both matrices in the batch process (Table 2).
.2.2. Nonspeciﬁc binding
The specific binding for protein adsorption onto the IMAC
r IMAM could be categorized into two interactions [15]: (1)
he affinity binding provided by the electron-donating capacity
f the imidazole groups of the exposed histidine residues on the
rotein surface with the immobilized metal ions; and (2) the
lectrostatic interaction between the charged protein molecules
nd positively charged metal ions. Other interactions, such as the
lectrostatic and hydrophobic interactions between the proteins
nd the residual groups on the solid matrices, are considered
s the nonspecific bindings. To evaluate the nonspecific binding
ffect in this study, the RC membranes from each intermedi-
te reaction step before complete metal ion immobilization and
he NTA-agarose gels without metal ion immobilization were
mployed in the batch VP3 adsorption. The results of adsorbed
P3 amount are presented in Fig. 1.
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The nonspecific binding results for blank RC and epichlo-
ohydrin-coupled membranes were small (less than 8.2% of the
dsorbed amount for immobilized metal ion membranes). When
he chelator was conjugated, the nonspecific binding of TVP3
as still insignificant, but it became important for TVP3. The
onspecific TVP3 binding amount on the chelator-conjugated
atrix was about 22.9% for the Ni2+-IDA membranes and 34%
3
c
i
able 3
P3 purification performance in the flow process at different flow rates
low rate
ml/min)
TVP3
Ni+2-NTA gels Ni+2-IDA membranes
Total time
(min)
Recovery
(%)
Purity
(%)
Total time
(min)
Recovery
(%)
Pu
(%
1) Loading 0.5 58.0 93.6 100.0 50.0 91.3 100
ashing 1.0
lution 1.0
2) Loading 1.0 32.4 90.2 99.6 27.6 89.7 99
ashing 1.7
lution 1.7
3) Loading 1.7 20.2 88.5 99.0 17.9 87.1 98
ashing 2.7
lution 2.7
4) Loading 2.3 17.6 64.6 98.2 15.9 62.4 98
ashing 3.0
lution 3.0
rotein loading: 10 ml, 1.51 mg/ml. Loading buffer: 20 mM NaH2PO4, 500 mM NaCl
0 mM imidazole, pH 7.8. Elution buffer: 20 mM NaH2PO4, 500 mM NaCl, 500 mM i
ere repeated twice.r. B 840 (2006) 76–84 81
or the Ni2+-NTA gels. At pH 6.5, TVP3 protein (pI= 6.06)
s slightly cationic, and TVP3 protein (pI = 4.97) is anionic.
ince the residual carboxyl groups (pKa ≈ 3) [15] on the chelator
either NTA or IDA)-coupled gels or membranes are anionic, the
nionic TVP3 would be repelled from them. On the other hand,
lightly cationic TVP3 protein could undergo electrostatic inter-
ction with the chelator-coupled gels or membranes, which may
xplain the obvious TVP3 adsorption onto the chelator-coupled
atrices. Besides, the nonspecific binding of TVP3 proteins to
he NTA-coupled gels was slightly greater than the IDA-coupled
embranes. This phenomenon may be attributed to the fact that
he tetradentate chelator NTA has more residual carboxyl groups
han tridentate IDA.
It should be noted that either the nonspecific binding of
ther proteins with the residual functional groups on the affinity
atrices or the competitive specific binding of those proteins
ontaining surface histidines with the immobilized metal ions
ay cause a reduction in the purity of products. Regarding the
ow utilization percentages for coupling epichlorohydrin, IDA,
nd Ni2+ onto RC membranes in Table 1, the nonspecific bind-
ng may not be neglected. As shown in Table 2, about 58–59%
dsorption came from the impurity proteins in the TVP3 cases,
hile 44–45% for the TVP3 cases. Fortunately, most of the
dsorbed impurity proteins (95–100%) could be easily washed
ut using low-concentration imidazole buffer. Therefore, high-
urity products could still be obtained even though the residual
roups on the affinity matrices were not blocked.
.3. Puriﬁcation performance in the ﬂow process.3.1. Effect of ﬂow rate
The purification performance of VP3 using the affinity gel
olumn or membrane cartridge at different flow rates is shown
n Table 3. Proper binding of the target protein to the immobi-
TVP3
Ni+2-NTA gels Ni+2-IDA membranes
rity
)
Total time
(min)
Recovery
(%)
Purity
(%)
Total time
(min)
Recovery
(%)
Purity
(%)
.0 57.7 92.1 100.0 49.2 90.4 100.0
.3 31.9 89.7 99.9 26.4 88.8 99.1
.7 19.4 87.4 99.3 17.0 86.5 98.4
.0 16.7 63.5 98.4 15.1 62.0 98.2
, 10 mM imidazole, pH 6.5. Washing buffer: 20 mM NaH2PO4, 500 mM NaCl,
midazole for gels or 750 mM imidazole for membranes, pH 7.8. All experiments
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cig. 2. Regeneration results for Ni2+-NTA gels (A) and Ni2+-IDA membranes
B) in the flow process. Flow rates: loading 1.7 ml/min, washing and elution
.7 ml/min. The nickel ion capacity was measured using UV–vis at 400 nm.
ized metal ions requires sufficient time to attain equilibrium. At
omparatively higher flow rates (such as 2.3 and 3 ml/min), the
oaded protein did not get enough time for binding, and therefore
he recovery of VP3 was low (62–65%). When the flow rate was
ecreased, the VP3 recovery increased. The optimum flow rate
as found to be 1.7 ml/min for protein loading and 2.7 ml/min
or protein washing or elution, because the increase in recovery
or further lower flow rates was not significant.
Moreover, both matrices obtained similar recovery and purity
esults as shown in Table 3. Regarding that the IMAM process
ould offer simpler design, shorter process time (12% lower
rocess time than for IMAC), and lower pressure drop, its pro-
ess efficiency in a larger-scale system should be superior to the
el bead column. Therefore, VP3 purification with IMAMs is a
otential approach in industry.
.3.2. Regeneration of the immobilized metal ion afﬁnity
atrices
The reusabilities of agarose-based IMAC and RC-based
MAM in the flow process were investigated. After VP3 des-
rption from the IMAC or IMAM, some retained proteins need
o be removed for regenerating the IMAC or IMAM. A strong
luent EDTA was used for this purpose. In this work, 10 ml of
0 mM EDTA was adopted for both affinity matrices. After that,
he matrices were immersed in 10 ml of 0.05 M NiSO4 solution
or 1 h to immobilize the metal ions and regain their affinity
ower. The regeneration was repeated five times and the relative
esults are shown in Fig. 2.
w
u
T
oA) Calibration with blue dextran 2000 (B, 2000 kDa), catalase (Ca, 232 kDa),
ldolase (A, 158 kDa), BSA (BII, 66 kDa), and chymotrypsinogen A (Ch,
5 kDa). (B) The fractions were detected on an ELISA reader at 490 nm.
The protein adsorption capacity decreased slightly in the third
egeneration, yet was stable from the fourth to the fifth time.
ame tendency could be observed for the immobilized nickel ion
apacity. That is, the reduction in nickel ion immobilization in
he regeneration process caused the reduction in protein adsorp-
ion capacity. Moreover, the reduction in immobilized nickel ion
apacity was more serious for the IMAMs than the gel beads,
hich possibly resulted from the weaker coupling between the
ridentate chelator IDA and nickel ions in the membrane system.
n summary, 88% performance efficiency could still be attained
fter five-time regeneration for the IMAM system, whereas 95%
or the IMAC system.
.4. Characterization of puriﬁed VP3 protein
.4.1. Native size
To determine the multimeric forms of purified TVP3 and
TVP3 in vitro, a gel filtration experiment was performed based
n the procedures in refs. [27–29]. Only one TVP3-containing
eak, but five TVP3-containing peaks, were obtained in the
hromatogram (Fig. 3). The molecular mass for TVP3 was
alculated to be about 81 kDa, according to the calibration curve
ith standard proteins, so that it seemed to form trimer (molec-
lar weight of TVP3 monomer ≈ 26 kDa). On the other hand,
VP3-containing peaks corresponded to the molecular masses
f approximately 32, 56.4, 117.8, 246, and 2000 kDa. There-
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AS.
ore, TVP3 could have formed the oligomers (molecular weight
f TVP3 monomer ≈ 32 kDa).
.4.2. Effect of nickel ion leakage
The AAS analysis for nickel ion leaching in the elution stage
f IMAC and IMAM is shown in Fig. 4. The nickel ion release
uring elution stage was more pronounced for Ni2+-IDA RC-
ased membranes than Ni2+-NTA agarose gels, despite almost
dentical amount of nickel ion immobilized on both absorbents.
t may be attributed to two possible reasons: one is that the cou-
ling between the tridentate chelator IDA and nickel ions in the
embrane system was weaker than that between the tetradentate
helator NTA and nickel ions in the gel system. The other is that a
arsher elution condition (750 mM imidazole) was employed in
he membrane system. This may cause the leaching of unstably
mmobilized metal ions.
In comparison with the amount of leached nickel ions (about
2–18 ppm) reported in ref. [30] using IMAC to purify the
ecombinant GST-His6 protein, our results in the TVP3 case
re close to theirs. However, more serious nickel ion leaching
ccurred for TVP3 purification. A probable explanation is that
he binding between TVP3 and the immobilized nickel ions
ould be stronger than that for TVP3 (partly because anionic
TVP3 was preferably interacted with Ni2+; partly due to a
tructural variation between TVP3 and TVP3). Consequently,
ore unstably immobilized nickel ions were released due to the
apture of TVP3.
As reported in ref. [30], the oligomerization of proteins could
e induced by the nickel ions leached from the IMAC column. To
etermine if the TVP3 trimer and the TVP3 oligomers in this
tudy were induced by the nickel ion leaching or not, the purified
P3 proteins were treated at different conditions and the results
re shown in Fig. 5. Lane 2 is the SDS-PAGE result for the VP3
roteins purified by IMAC or IMAM in this work. Lane 3 is the
esult for the purified VP3 sample treated by boiling. Under this
reatment, the VP3 proteins were denatured and the oligomers
ere dissociated to monomers or even smaller residues. Lane 1
s the result for the purified VP3 sample treated with 100 mM
DTA. According to the previous study [30], the oligomerized
a
t
c
iyzed by SDS- PAGE. Lane 1: the purified protein sample treated with 100 mM
DTA. Lane 2: the purified protein sample. Lane 3: the purified protein sample
nder denaturing condition (by boiling).
orm of VP3 proteins caused by the surrounded metal ions which
ere released from IMAC could be decomposed due to the chela-
ion of metal ions with the added EDTA. Consequently, VP3
eturned to the original monomer form. However, in this case,
he addition of EDTA did not change the oligomeric form of
P3. As shown in Fig. 5, the SDS-PAGE bands in Lane 1 are
lmost identical to those for Lane 2. Accordingly, the oligomer-
zation of VP3 proteins in the purification process should not
e attributed to the induction by the leached nickel ions in this
tudy. Instead, the VP3–VP3 interaction during the purification
rocess may be the main effect.
. Conclusions
The purification efficiencies of VP3 using the prepared Ni2+-
DA RC-based membranes and the commercially available Ni2+-
TA agarose gels were compared in this study. The optimal oper-
tion conditions for high-degree VP3 purification were selected,
hich are 20 mM NaH2PO4, 500 mM NaCl, 10 mM imidazole,
H 6.5 for loading and 20 mM NaH2PO4, 500 mM NaCl, 500
r 750 mM imidazole, pH 7.8 for elution. In the flow process,
hen the flow rate of 1.7 ml/min for loading and 2.7 ml/min
or elution were adopted, 86–88% recovery and 98–99% purity
ould be obtained for both kinds of matrices. Furthermore,
8–95% reusability could be performed after five-time regener-
tion. From the economic viewpoint, the membrane process has
he advantages of lower pressure drop, shorter residence time (it
ould cut down 12% of the process time for the column system
n this work), lower cost (its cost on matrix and chemicals was
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ne-third of that for resins), simpler design, and easier scale-up,
ompared to the gel column process. This implies that, in large-
cale purification process in the related industries, the IMAMs
hould be a proper design and it is worth applying in more
idespread applications.
From the characterized sizes of the purified VP3 proteins,
VP3 seemed to form oligomers and TVP3 could form
rimers. Moreover, these multimeric forms were not induced
y the nickel leaching from the IMAC or IMAMs.
As described in previous IBDV studies [31–33], the infec-
ion of chickens by IBDV could cause serious economic losses
n the poultry industry worldwide, either by causing a high-
ortality acute condition or by leading to immunosuppression
n young chickens. Detection of antibodies to IBDV has been
ccomplished by a number of different assays, and ELISA is the
ost often used method because it is economical and can quickly
est large numbers of samples [34]. Commercial ELISA kits are
resently available to detect antibodies for IBDV in field sam-
les. The antigen sources for these kits are based on the whole
irion [35], which is usually purified through a cesium chloride
radient by ultracentrifugation [36]. However, it leads to high
ost and time consumption. To further explore the application
f the pure VP3 proteins produced using the expression method
20] and the optimal IMAM or IMAC process established in this
tudy, they have been employed to develop a detection kit for
BDV identification in Dr. M.-Y. Wang’s lab. The development
s successful and the cost of the kit is relatively low. The related
esults will be published in the near future.
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